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Speract, a sperm-activating peptide (SAP) from sea urchin eggs, increases the intracellular concentration of Ca2+ ([Ca2+]i) and modulates
sperm motility. We measured the initial sperm response to speract using its caged analog and observed, for the first time, a small but
significant decrease in sperm [Ca2+]i before the increase. Both directions of the [Ca2+]i change were completely blocked in high K+ seawater.
Using membrane-permeant caged cyclic nucleotides (cNMP), only cGMP induced the decrease in [Ca2+]i although both cGMP and cAMP
increased the [Ca2+]i. The decrease in the [Ca2+]i induced by cGMP was more notable following a second photolytic event, once [Ca2+]i had
been elevated by an initial flash. This pattern of [Ca2+]i change was confirmed in individual sperm. These results together with
pharmacological evidence suggest that the initial [Ca2+]i decrease is due to a Na+/Ca2+ exchanger activity, stimulated by hyperpolarization
mediated by K+ efflux through cGMP-regulated K+ channels.
D 2004 Elsevier Inc. All rights reserved.Keywords: Speract; Sperm activation; Caged peptide; Caged cyclic nucleotides; Time-resolved Ca2+ measurement; Ca2+ imaging; Sperm chemotaxis; Na+/Ca2+
exchanger; Membrane potential; Ion channelIntroduction
In echinoderms like sea urchin (Suzuki, 1995) or starfish
(Nishigaki et al., 1996), egg investments contain diffusible
oligopeptides named sperm-activating peptides (SAPs).
SAPs can modulate sperm motility, guiding sperm toward
the egg (Ward et al., 1985) and/or promote sperm penetration
through the egg investment (Suzuki and Garbers, 1984).0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.04.035
Abbreviations: ASW, artificial seawater; Bhc, 6-bromo-7-hydroxycou-
marin-4-ylmethyl; [Ca2+]i, intracellular free Ca2+ concentration; cNMP,
cyclic nucleotide; Em, membrane potential; HCN channel, hyperpolariza-
tion-activated and cyclic nucleotide-gated channel; [K+]e, extracellular K+
concentration; pHi, intracellular pH.
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E-mail address: takuya@ibt.unam.mx (T. Nishigaki).They can also facilitate the acrosome reaction (Hirohashi and
Vacquier, 2002).
Speract (or SAP-I: Gly-Phe-Asp-Leu-Asn-Gly-Gly-Gly-
Val-Gly) was the first purified and structurally identified
SAP (Suzuki et al., 1981). It induces changes in sperm
membrane potential (Em) and increases in intracellular pH
(pHi), intracellular free Ca2+ concentration [Ca2+]i, cGMP
and cAMP (reviewed in Darszon et al., 1999, 2001).
Speract binding to its sperm receptor activates a guanylyl
cyclase (Garbers, 1989; Matsumoto et al., 2003). This
triggers an Em hyperpolarization mediated by K+ efflux
through cGMP-activated K+ channels (Babcock et al., 1992;
Galindo et al., 2000; Lee and Garbers, 1986). This hyper-
polarization plays a crucial role in speract signaling since all
sperm responses induced by speract, except for an enhanced
accumulation of cGMP, are inhibited by increasing the K+
concentration of seawater (Harumi et al., 1992).
To explain how speract can function as a chemoattrac-
tant, Cook et al. (1994) proposed that sperm [Ca2+]i is
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speract. This idea is based on the following observations: (i)
Spermatozoa may show abrupt turns named ‘‘chemotactic
turns’’ when they swim away from the source of chemo-
attractant (Miller, 1985). (ii) Sperm flagellar forms are
highly asymmetric during the chemotactic turns (Miller,
1985). (iii) Asymmetric flagellar forms are induced by high
[Ca2+]i (AM range) (Brokaw, 1979; Cook et al., 1994).
Furthermore, they predicted that a Na+/Ca2+ exchanger
may contribute to the initial [Ca2+]i decrease since its
Ca2+ extrusion activity would be accelerated by Em hyper-
polarization (Blaustein and Lederer, 1999), which occurs in
the early phase of sperm response to speract. However, a
speract-induced decrease in [Ca2+]i has not been demon-
strated under physiological conditions due to time resolution
and [Ca2+]i sensitivity limitations; only in sperm swollen in
hypotonic seawater has a speract-induced decrease in
[Ca2+]i been observed (Cook and Babcock, 1993; Reynaud
et al., 1993). In this study, we report, for the first time, a
small but significant decrease in the [Ca2+]i in the initial
phase of sperm response to speract under physiological
conditions using caged speract. Furthermore, we applied
caged cyclic nucleotides (cNMPs) and several pharmaco-
logical treatments to explore speract signaling in more
detail. We have extended these techniques to include, for
the first time, calcium measurements in single sperm fol-
lowing caged cyclic nucleotide release. The results have led
us to propose some changes to the prevailing model for the
speract signaling pathway.Materials and methods
Materials
Sperm from S. purpuratus were obtained as previously
described (Galindo et al., 2000). Artificial seawater (ASW)
consisted of (mM): 486 NaCl, 10 CaCl2, 10 KCl, 27 MgCl2,
29 MgSO4, 2.5 NaHCO3, 0.1 EDTA and 10 HEPES (pH 8.0
with NaOH). Low Ca2+ pH 7.0 seawater (LC7SW) was as
ASW but with 1 mM CaCl2 and pH 7.0. BCECF-AM, fluo-
3-AM and fluo-4-AM were from Molecular Probes. ZD7288
was from TOCRIS. IBMX was from Sigma. KB-R7943 was
a gift from Nippon Organon. Caged speract ([Ser5, NB-Gly6]
speract) was synthesized as previously described (Tatsu et
al., 2002). Caged cyclic nucleotides (Bhc-cAMP/Ac and
Bhc-cGMP/Ac) were synthesized using the 6-bromo-7-
hydroxycoumarin-4-ylmethyl group (Furuta et al., 1999).
Synthesis and photochemical properties of Bhc-cNMPs
(/Ac) are reported elsewhere (Furuta et al., in press).
Loading of fluorescent indicators and caged cyclic
nucleotides
Dry sperm were 10-fold diluted in LC7SW, and incubat-
ed with 20 AM of BCECF-AM (1 h) or 25 AM of fluo-3-AMplus 0.25% Pluronic F-127 (3 h) at 15jC. Depending on the
amount of hydrolyzed indicators outside of the cells, the
loaded sperm were washed with LC7SW by centrifugation
(1000  g for 7 min), resuspended in the original volume of
LC7SW and kept on ice until use. For experiments with
caged cyclic nucleotides, Bhc-cAMP/Ac or Bhc-cGMP/Ac
(10–100 AM) were simultaneously incubated with fluores-
cent indicators in the sperm suspension. For single sperm
[Ca2+]i imaging, fluo-4 was used instead of fluo-3.
Sperm pHi and [Ca2+]i measurements in sperm suspensions
The fluorescence intensity was recorded on a spectro-
fluorometer (Aminco SLM 8000, SLM Instruments, IL).
For rapid kinetic measurements, samples were excited at
490 nm and emission was selected by a cut-off filter (>515
nm) instead of the monochromator to improve the signal-
to-noise ratio. The emission signals were acquired every 5
ms (200 Hz). Photolysis of the caged compounds was
achieved using a UV flash lamp system, JML-C2 (Rapp
Opto Electronic, Hamburg) with a UV band-pass filter
(270–400 nm) connected to the spectrofluorometer
through a liquid light guide (2 mm diameter, NA 0.45).
The output energy of the flash lamp was fixed in all
experiments shown in this study (total energy, 135 J).
Pyrex glass tubes (6  50 mm) were used as optical cells
with 200 Al of sperm suspension and attached to the end of
the liquid light guide. The UV flash was triggered
(SDE02-1 system, Bioelectronics CINVESTAV) 40 ms
after data acquisition had started. Though the UV pulse
lasts <2 ms, the photomultiplier response to the large flash-
evoked fluorescence from the Pyrex tube has a small slow
component (approximately 5% of the total signal; s ap-
proximately 6 ms) which, at the amplification required to
observe the sperm pHi and [Ca2+]i changes gives a flash
artifact lasting approximately 80 ms. All traces are the
mean of 4–12 measurements unless mentioned otherwise
in figure legends. All pharmacological compounds were
incubated with sperm for at least 10 min before data
acquisition. Statistical comparisons were carried out using
Student’s unpaired one-tailed t test unless mentioned
otherwise.
Single sperm [Ca2+]i imaging
Labeled sperm were adhered to glass coverslips coated
with a solution of 50 Ag/ml poly-L-lysine (Sigma). Cover-
slips were then mounted into chambers maintained at a
constant 15jC on a Nikon DIAPHOT 300 microscope.
Epifluorescence images were collected with a Nikon Pla-
nApo 60 (NA, 1.4 oil) objective using a Chroma filter set
(e.g., HQ470/40; DC, 505DCXRU; em, HQ510LP) and
an Oriel xenon lamp (75 W). The excitation filter was
attached to the xenon lamp house and the filtered light
was collected to a liquid light guide (2 mm diameter). UV
flash illuminations were performed using the same UV flash
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flash light (two liquid guides) were aligned to the same
optical path using FlashCube40 with a dichroic mirror M40-
DC400 (Rapp Opto Electronic, Hamburg). Images collected
with a Quantix 57 CCD camera (Roper Scientific) using
V++ (Digital Optics, New Zealand) software in stream
mode. Image stacks analyzed with Metamorph software
(Universal Imaging) by manual placement of regions of
interest around sperm heads following a rolling background
subtraction. Post-analysis processing of presentation images
was limited to a 400 digital zoom with pixel interpolation.
For measurement of [Ca2+]i changes in flagella, a stro-
boscopic LED-based fluorescence illumination system was
developed, whereby the xenon lamp used in the experimen-
tal system described in the previous paragraph was replaced
by a Luxeon V Star Lambertian Cyan LED part # LXHL-
LE5C (Lumileds Lighting LLC, San Jose, USA) mounted in
the FlashCube40 assembly. The LED was connected to a
custom-built stroboscopic control box. Its output was syn-
chronized to the Exposure Out signal of the Quantix 57
camera via the control box to produce a single flash of 1-ms
duration per individual exposure. Images collected and
analyzed with AQM Advance 6 software (Kinetic Imaging).Results
Kinetics of changes in sperm pHi and [Ca2+]i induced by
photolysis of caged speract by UV flash
We recently developed a caged speract ([Ser5, NB-
Gly6]speract) which has less than 1/1000th of the binding
activity of native speract (Tatsu et al., 2002). Photolysis of
this speract analog with a UV flash induces changes in
sperm pHi and [Ca2+]i (Tatsu et al., 2002). In this study, we
used this caged speract to explore the sperm response with a
greater time resolution. Fig. 1 shows time-resolved kinetics
of sperm pHi (a) and [Ca2+]i (b) changes evoked by
uncaging speract with a UV flash. The initial large transient
signal (approximately 80 ms) is the flash artifact (see
Materials and methods). The changes in both pHi and
[Ca2+]i displayed noticeable time lags (Fig. 1d) and their
amplitude was dose-dependent. Interestingly, a small but
significant decrease in [Ca2+]i was observed before the large
increase in [Ca2+]i (Figs. 1b inset and c). In our previous
study using stopped-flow fluorometry, we were unable to
detect reliably this small decrease in [Ca2+]i because of the
low sensitivity of the detection system (Nishigaki et al.,
2001). Our improved system using a cut-off filter for
emitted light (see Materials and methods) has now allowed
us to observe a speract-induced initial decrease in [Ca2+]i by
stopped-flow fluorometry (data not shown).
The delay times for the increase in pHi were shorter than
those for the increase in [Ca2+]i at all peptide concentrations
examined (Fig. 1d). This sequence of sperm responses to
speract is consistent with our previous results obtained usingstopped-flow fluorometry (Nishigaki et al., 2001). The
extent of photolysis of caged speract in our system was
determined to be about 2% per UV flash (data not shown)
by competition binding experiments using fluorescent sper-
act (Nishigaki and Darszon, 2000). Thus, the active speract
concentrations released are approximately 2 orders of mag-
nitude lower than those indicated in the figures.
It is well known that the external K+ concentration
([K+]e) dramatically affects sperm responses to speract
(Harumi et al., 1992; Schackmann and Chock, 1986). Thus,
we measured sperm [Ca2+]i at elevated [K+]e. In 20 mM
[K+]e, both the decrease and the increase in sperm [Ca2+]i
were reduced, and they were completely inhibited at 50 mM
[K+]e (Fig. 2a). This result supports the hypothesis that Em
hyperpolarization caused by K+ efflux may enhance the
Ca2+ extrusion activity of a Na+/Ca2+ exchanger in the
initial phase of sperm response to speract (Cook et al.,
1994). We then tested the effect of a phosphodiesterase
inhibitor, IBMX, which prolongs the sperm Em hyperpo-
larization induced by speract (Cook and Babcock, 1993). As
anticipated, 50 AM of this inhibitor enhanced the decrease in
sperm [Ca2+]i and prolonged the duration of the [Ca2+]i
decrease (Fig. 2b and Table 1).
Sea urchin sperm posses a hyperpolarization-activated
and cyclic nucleotide-gated channel (HCN) located primarily
on the flagella (Gauss et al., 1998). This channel, named
SpHCN, has been proposed to contribute to the depolariza-
tion that occurs after the speract-induced hyperpolarization
(Gauss et al., 1998; Labarca et al., 1996; Rodriguez and
Darszon, 2003; Sanchez et al., 2001). As seen in Fig. 2c, a
selective blocker of this channel, ZD7288 (Shin et al., 2001),
also enhanced the speract-induced decrease in sperm [Ca2+]i
and extended the duration of the [Ca2+]i decrease (Table 1)
probably by prolonging the hyperpolarization. In hypotonic
ASW where the speract-induced hyperpolarization can be
clearly measured at low time-resolution (Babcock et al.,
1992), we confirmed that ZD7288 prolonged this hyperpo-
larization (data not shown). These results are consistent with
the involvement of a hyperpolarization-stimulated Na+/Ca2+
exchanger in the [Ca2+]i decrease. In further experiments,
we used an inhibitor of Na+/Ca2+ exchangers, KB-R7943
(Iwamoto et al., 1996). Because high concentrations (>10
AM) of KB-R7943 induce a sustained increase in [Ca2+]i
(Su and Vacquier, 2002), we used 5 AM of this inhibitor,
which only transiently elevates [Ca2+]i (Rodriguez and
Darszon, 2003). At this concentration, KB-R7943 did not
significantly alter the peak amplitude of the [Ca2+]i de-
crease (Table 1). Instead, it prolonged the time lag for the
[Ca2+]i increase (Fig. 2d and Table 1).
Sperm [Ca2+]i response to cyclic nucleotides using their
caged analogs
Speract induces transient increases in both cGMP and
cAMP, which are supposed to play crucial roles in the
overall speract response (Darszon et al., 2001). Thus, it
Fig. 1. Changes in sperm pHi and [Ca2+]i evoked by uncaging speract with a UV flash. (a) Kinetics of sperm pHi changes measured with BCECF as described
in Materials and methods. The flash was triggered at T = 0 s. Changes in pHi were expressed as F  F0, where the initial fluorescence ( F0) was subtracted
from entire fluorescent signals ( F). Concentrations of the caged speract are indicated in the figure including the control without peptide. (b) Kinetics of sperm
[Ca2+]i changes measured with fluo-3 as described in Materials and methods. These changes were expressed as F/F0, where entire fluorescent signals ( F)
were divided by the initial value ( F0). The inset shows results of 10 nM caged speract and the control processed with a five-point rolling average filter with an
expanded vertical axis. The time point where [Ca2+]i reached a minimum is circled. Traces in a and b are representative of at least four experiments. (c) Sperm
[Ca2+]i decreases at each caged speract concentration are expressed as the maximum difference of F/F0 values between experiment and control. Error bars
indicate F SEM. The number of experiments is shown above each column. Statistics (multiple comparison tests): Using Tukey’s HSD test (95% confidence
interval), all concentrations of caged speract above 1 nM are significantly different from control (absence of caged speract). Using Dunnett’s test (left-tailed,
95% confidence interval), all concentrations of caged speract are significantly different from control. (d) Delay time for changes in pHi and [Ca2+]i after UV
flash. Symbols: increase in pHi (closed circles), and increase in [Ca2+]i (open circles). Data are the mean of at least three experiments with error bars
(FSEM). The delay time for each parameter is defined as follows: for the pHi increase, the post-flash time point where pHi begins to increase; for the [Ca2+]i
increase, the post-flash time point where [Ca2+]i begins to increase (equivalent to the peak amplitude of [Ca2+]i decrease), indicated by a circle (open
rectangle) in the b inset.
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these cyclic nucleotides to the speract response using
membrane-permeant caged derivatives. In this study, we
used a new generation of caged cNMPs which have 6-
bromo-7-hydroxycoumarin-4-ylmethyl (Bhc) as their photo-
reactive group (Furuta et al., 1999). The acetoxy-derivatives
of these analogs (Bhc-cNMPs/Ac) have an increased higher
membrane permeability and are converted back to their
original forms by esterase activity inside cells. Using Bhc-
cNMPs we measured the [Ca2+]i responses following a UV
flash. Photolysis of both Bhc-cGMP and Bhc-cAMP in-
duced a transient increase in [Ca2+]i (Figs. 3a and b).
Repetitive UV flashes induced corresponding transient
increases in [Ca2+]i with both Bhc-cNMPs (insets Figs. 3a
and b), indicating that sperm have the ability to respond torepetitive cNMP signals, and that photolysis of caged cNMPs
by UV flash does not appear to damage the sperm. The
[Ca2+]i response triggered by cGMP was completely
inhibited in high (50 mM) [K+]e (Fig. 3a). In contrast, cAMP
induced an increase in the [Ca2+]i under the same condition,
albeit of reduced amplitude (Fig. 3b).
Interestingly, higher time-resolution experiments
revealed that photolysis of caged cGMP decreases sperm
[Ca2+]i before the large increase (Figs. 3c and 4d). In
contrast, a similar decrease was never observed with cAMP
in normal ASW (Figs. 3c and 4d). As a consequence, the
delay time for the increase in the [Ca2+]i induced by cAMP
is significantly shorter than that induced by cGMP (Table 2).
As shown, cyclic AMP increases sperm [Ca2+]i even in
high-K+ ASW, while both the decrease and increase in
Fig. 2. Effects of high [K+]e and pharmacological treatments on the changes in [Ca2+]i induced by photolysis of caged speract (100 nM). Sperm [Ca2+]i was
measured as in Fig. 1b with or without (control) caged speract. (a) Sperm [Ca2+]i changes in normal ASW, in 20 mM K+ ASW, and in 50 mM K+ ASW. Inset
displays the same data processed with a three-point rolling average filter with an expanded vertical axis. The control in normal ASW without caged speract is
not shown since it was indistinguishable from the result in 50 mM K+ ASW. Kinetics of the [Ca2+]i changes in the presence of (b) 50 AM IBMX (+IBMX), (c)
200 AM ZD7288 (+ZD), and (d) 5 AM KB-R7943 (+KB-R). All traces are representative of at least five experiments.
Table 1
Effects of pharmacological treatments on sperm [Ca2+]i change upon
photolysis of caged speract (100 nM) by UV flash
Delay time for
[Ca2+]i increase
(ms)
Amplitude of [Ca2+]i
decrease
(delta F/F0, %)
Normal ASW
(n = 19)
280 F 20 0.87 F 0.18
IBMX
(n = 6)
460 F 80* 2.95 F 0.57**
ZD7288
(n = 5)
450 F 80* 1.59 F 0.27*
KB-R7943
(n = 5)
530 F 70** 0.77 F 0.20#
Each value is the average F SEM. The number of experiments is indicated
in parentheses. The delay time for the increase in [Ca2+]i is defined in
Fig. 1. Concentrations of inhibitors: IBMX (50 AM), ZD7288 (200 AM),
KB-R7943 (5 AM). Statistics (t test): *P < 0.05; **P < 0.01; #difference is
not significant.
T. Nishigaki et al. / Developmental Biology 272 (2004) 376–388380[Ca2+]i induced by cGMP were completely inhibited in
high-K+ ASW (Fig. 3c). It is worth noting that the increase
in [Ca2+]i induced by speract occurs with a longer time lag
than that induced by cNMPs (Tables 1 and 2), which
probably represents the extra time required for speract to
bind to its receptor, activate nucleotide cyclases and for the
concentration of cNMPs to increase to activating levels.
Under physiological condition, the initial decrease in
[Ca2+]i induced by cGMP is very small (approximately
1% of F0). One possible explanation is that the effect of
stimulating a Na+/Ca2+ exchanger is minimal against the
low [Ca2+]i present in resting sperm. Thus, we measured
[Ca2+]i changes induced by secondary UV flashes before the
elevated level of [Ca2+]i evoked by the first UV flash had
returned to the resting level. As seen in Fig. 3d, the second
photolysis of caged cGMP produced a greater decrease in
[Ca2+]i than the first photolysis (Table 2). Furthermore, we
explored if this sperm response could be observed in
different species and obtained similar results as in Fig. 3d
using Arbacia punctulata and Lytechinus pictus (data not
shown).We also examined the pharmacological profile of the
cNMP-induced changes in [Ca2+]i. The phosphodiesterase
inhibitor IBMX preferentially inhibits the degradation of
Fig. 3. Changes in sperm [Ca2+]i induced by photolysis of caged cNMPs. (a) Sperm were loaded with Bhc-cGMP/Ac and fluo-3 AM as described in Materials
and methods. [Ca2+]i was measured as in Fig. 1b but fluorescence intensity was detected every 1 s (1 Hz). A UV flash was triggered at T = 0 s. A typical
response in normal and in high K+ (50 mM) ASW is shown. Inset illustrates the [Ca2+]i changes induced by repetitive flashes indicated by the arrows. (b) The
same experiments as in a were performed using Bhc-cAMP/Ac instead of Bhc-cGMP/Ac. (c) The changes of sperm [Ca2+]i with caged cNMPs were measured
with higher time resolution as in Fig. 1b. Typical [Ca2+]i kinetics in normal and in high K+ (50 mM) ASW are shown. Controls (without caged cNMPs in
normal ASW) are not shown in all figures since they are indistinguishable from the results with cGMP in high K+ ASW. The traces are representative of more
than 10 experiments. (d) The second UV flash (2nd flash) was triggered 10 s after the first flash (1st flash). The initial fluorescent intensity of the second
photolysis ( F02nd) is larger than that of the first photolysis ( F01st) (see Fig. 3a inset), but they are normalized using their respective F0 values. Control
experiments were performed without caged cGMP. The inset shows the same traces with an expanded vertical axis. The results are representative of eight
experiments.
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inhibitor enhanced the decrease in [Ca2+]i induced by
cGMP as expected (Figs. 4a, d and Table 2), while it
caused a very small cAMP-induced decrease in [Ca2+]i
(Figs. 4a, d and Table 2). The HCN channel blocker,
ZD7288, remarkably enhanced the decrease in sperm
[Ca2+]i induced by cGMP more than 4-fold (Figs. 4b, d
and Table 2). On the other hand, the inhibitor of Na+/Ca2+
exchangers, KB-R7943, at 5 AM reduced the amplitude of
the [Ca2+]i decrease and extended the delay time for the
increase in [Ca2+]i induced by cGMP (Figs. 4b, d and Table
2). More noticeably, this inhibitor reduced the amplitude of
the ZD7288-enhanced decrease in the [Ca2+]i triggered by
cGMP (Figs. 4b, d and Table 2). Unexpectedly, cAMP
induced a relatively large decrease in the [Ca2+]i in thepresence of ZD7288 (Figs. 4c, d, Table 2). This [Ca2+]i
decrease was also reduced by KB-R7943 (Figs. 4c, d, Table
2). In the presence of KB-R7943 alone, cyclic AMP never
caused a decrease in [Ca2+]i as seen in normal ASW, though
the rising phase of the [Ca2+]i was retarded relative to the
control (Figs. 4c and d).
Single sperm [Ca2+]i measurement using caged cGMP
All results previously shown in this study were obtained
by fluorometry using sperm suspensions which are hetero-
geneous (Wood et al., 2003). We therefore proceeded to
examine how [Ca2+]i changes after uncaging cGMP in
single sperm. As seen previously, a heterogeneous popula-
tion of sperm was recorded, with between 5% and 80% of
Fig. 4. Effects of pharmacological treatments on the changes in [Ca2+]i induced by photolysis of caged cNMPs. Treatments: (a) 50 AM IBMX (+IBMX) for
both cNMPs; (b) 200 AM ZD7288 (+ZD), 5 AM KB-R7943 (+KB-R) and both (+ZD and KB-R) for cGMP; (c) the same treatments as in b for cAMP. The
traces in a, b and c are representative of at least five experiments. (d) Summary of the decreases in sperm [Ca2+]i induced by cNMPs expressed as in Fig. 1c. No
[Ca2+]i decreases were observed in cAMP alone and cAMP with KB-R7943. Statistics (t test): *P < 0.05; **P < 0.01, also see Table 2.
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in response to a UV flash (data not shown). Also in
accordance with the same previous study, a marked seasonal
variation in the proportion of responsive sperm was noted.
An average of 53 F 21% (n = 6) of responsive sperm per
field was seen in early season (January), whereas this
proportion had decreased to 10.5 F 2.9% (n = 13) during
the late season period (May to July). In data gathered and
analyzed from measurements made in single cells, all
nonresponsive sperm were excluded. Fig. 5a shows the
change in fluorescence intensity (FI) of fluo-4 in five
individual sperm heads in response to UV-stimulated uncag-
ing of cGMP. Following an initial UV flash, an average
delay of 130F 10 ms (n = 152) was observed before [Ca2+]i
increased (Table 3). However, in contrast to the results
obtained in populations, we were unable to observe a
decrease in [Ca2+]i after the initial UV flash. Nevertheless,
such decreases were clearly observed if secondary UV
flashes were supplied (Figs. 5a, b and Table 3). These
decreases had very similar characteristics to those measured
in populations: delay time, 180 F 10 ms in cell imaging
(Table 3) and 180 F 20 ms in sperm suspensions (Table 2).
Fig. 5b demonstrates that repetitive application of a UVflash every 5 s induced a concomitant decrease in [Ca2+]i at
each iteration. Fig. 5c shows an expansion of a section of
the experiment encompassing a single UV flash (rectangle
in Fig. 5b). The individual images of the measured cell,
corresponding to the numbers in Fig. 5c, are shown below
the graphs (Fig. 5d). Experiments in single cells also
revealed that the size of the decrease in [Ca2+]i in the head
at the second UV flash varied significantly according to the
interval between first and second flash; cells that received
the second flash with the shorter interval showed the larger
decrease in [Ca2+]i (Table 3). This may be related to the
level of [Ca2+]i immediately before the second flash (F02nd).
Indeed, taking individual cells measured at all three UV
flash intervals (5, 10 and 20 s) into consideration, there is a
reasonable positive correlation (correlation coefficient =
0.679, percent of common variance = 46%, n = 152)
between the size of the [Ca2+]i decrease in the head and
the ratio of the initial [Ca2+]i level (F02nd/F01st) immediately
before each flash.
In addition, the effect of ZD7288 was verified in single
cells. Incubation for 10 min in 200 A M ZD7288 increased
the delay between the UV flash and the point at which
[Ca2+]i increased in the head at both the first and second
Table 2
Effects of pharmacological treatments on sperm [Ca2+]i change upon
photolysis of caged cyclic nucleotides by UV flash
Delay time for
[Ca2+]i increase
(ms)
Amplitude of [Ca2+]i
decrease
(delta F/F0, %)
cGMP
Normal ASW
(n = 25)
150 F 10a 0.76 F 0.10
IBMX
(n = 5)
210 F 20** 1.76 F 0.19**
ZD7288
(n = 10)
180 F 20* 3.88 F 0.97**
KB-R7943
(n = 7)
240 F 20** 0.29 F 0.09*
ZD7288 + KB-R7943
(n = 5)
320 F 50* 1.24 F 0.13*
Second UV flash
(n = 8)
180 F 20* 5.81 F 1.22**
cAMP
Normal ASW
(n =16)
110 F 20b ND
IBMX
(n = 5)
140 F 40 0.22 F 0.09*
ZD7288
(n =9)
180 F 30** 1.51 F 0.39**
KB-R7943
(n = 8)
200 F 60 ND
ZD7288 + KB-R7943
(n = 5)
200 F 80 0.04 F 0.04
Each value is the average F SEM. The number of experiments is indicated
in parentheses. Delay time for [Ca2+]i increase is defined as post-flash time
point where [Ca2+]i starts increasing when no [Ca2+]i decreases were
detected (ND), otherwise the same definition as in Fig. 1. Concentrations of
inhibitors: IBMX (50 AM), ZD7288 (200 AM), KB-R7943 (5 AM). Second
UV flash for caged cGMP was triggered 10 s after first UV flash.
Statistics (t test): *P < 0.05; **P < 0.01; bP < 0.05 compared to a; a,bP <
0.001 compared to 100 nM caged speract in Table 1.
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augmented the decrease in the head [Ca2+]i at the second UV
flash (Table 3). This enhanced decrease was not due to
ZD7288 elevating F02nd, as the ratio (F02nd/F01st) after 10 s
was similar to that seen in untreated cells (Table 3).
A recent modification to the illumination protocol (see
Materials and methods) that improved the signal-to-noise
ratio allowed us to measure [Ca2+]i changes occurring in
flagella. The same pattern of [Ca2+]i changes seen in the
heads was repeated in the flagella. We were unable to
observe any decrease immediately after the initial UV flash;
however, a secondary flash resulted in a brief (110F 10 ms)
decrease in [Ca2+]i immediately before a larger [Ca2+]i
increase. This pattern was repeated at each subsequent UV
flash, as shown typically in Fig. 5e. The amplitude of the
[Ca2+]i decrease in flagella was 38.7 F 2.1% (Table 4),
which is larger than that observed in the head, even
considering that the ratio of the initial [Ca2+]i level
(F02nd/F01st) is slightly higher (3.02 F 0.30) due to the
shorter interval (2.8 s) between the two flashes in flagellar
measurements (Table 4).Discussion
Speract induces a decrease in sperm [Ca2+]i before its
increase
In this study, we performed time-resolved measurements
of changes in sperm pHi and [Ca2+]i induced by speract and
cNMPs using their photoactivatable analogs. Our most
important finding is a small but significant decrease in
sperm [Ca2+]i in the early phase of the sperm response to
speract under physiological conditions (Figs. 1b and c).
Cook et al. (1994) predicted that Em hyperpolarization
caused by K+ efflux would enhance the Ca2+ extrusion
activity of a Na+/Ca2+ exchanger as a mechanism to
maintain [Ca2+]i low in the early phase of sperm response
to speract. Their prediction was that this Na+/Ca2+ exchang-
er activity would cause sperm to temporarily swim with
straighter trajectories. In fact, chemotaxis in many marine
organisms occurs through superimposition of alternating
straightening and turning events onto the basic thigmotactic
circling swimming pattern (Kaupp et al., 2003; Yoshida et
al., 2002, 2003). However, it had been difficult to demon-
strate any initial decrease in [Ca2+]i clearly by conventional
fluorometry because of insufficient time resolution.
Utilizing stopped-flow fluorometry, we previously
showed that an increase in pHi occurs before an increase
in [Ca2+]i in the signaling cascade of speract (Nishigaki et
al., 2001). At the time, we could not reliably detect the
initial decrease in the [Ca2+]i because of insufficient sensi-
tivity of the fluorescence detection system. As mentioned in
the Results section, now we can observe it with our
improved system. However, the rapid mixing process of
stopped-flow fluorometry causes fluorescence perturbations,
rendering it difficult to determine the initial fluorescence
value. Thus, photolysis experiments are more accurate and
reliable to detect small fluorescent changes in the early
phase of sperm response to speract. We have extended our
observations and found that the increase in pHi precedes the
[Ca2+]i rise at all speract concentrations tested (Fig. 1d).
Recently, Kaupp et al. (2003) reported that time-resolved
sperm responses to resact, a sperm-activating peptide from A.
punctulata, indicate that resact increases sperm [Ca2+]i with-
out a preceding decrease. However, as mentioned in the
Results section, either using this species or L. pictus, we
observed cGMP-induced decreases in [Ca2+]i (clearer after
the second flash). Therefore, our observations using S.
purpuratus are likely to be a universal response among
different sea urchin species, not a particular event in this
species.
Cyclic GMP, not cAMP, can induce a decrease in [Ca2+]i
under physiological conditions
Another important observation in the present study is the
detection of changes in sperm [Ca2+]i induced by cGMP and
cAMP, respectively, using their membrane-permeant caged
Fig. 5. Individual sperm [Ca2+]i responses to cGMP uncaging measured in a cell imaging system. (a) Sperm loaded with Bhc-cGMP/Ac and fluo-4 AM were
fixed on poly-L-lysine-coated coverslips and fluorescent images acquired every 30 ms as described in Materials and methods. UV flashes were triggered at T =
0 and 5.2 s as indicated by white lines. Fluorescence intensity (FI) of five individual sperm heads are shown. (b) Single sperm head [Ca2+]i changes induced by
four sequential UV flashes starting at T = 0 s and at the times indicated by red arrows. Fluorescence images were captured every 50 ms. (c) Kinetics of the
[Ca2+]i changes within the blue rectangle in (b). (d) Sperm head images corresponding to the times indicted by the numbers in c. The time when the UV flash
was triggered is indicated by the red color (number 3). Sperm head [Ca2+]i images (two heads) are shown using pseudo-color and size scales on the right. Data
in b and c were derived from the upper sperm head indicated with a white arrow. (e) Flagellar [Ca2+]i changes induced by five sequential UV flashes starting at
T = 0 s and at the times indicated by the arrows. Flagellar fluorescent images were captured every 23 ms using an LED illumination system as described in
Materials and methods.
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speract, that is, a small but significant decrease in the sperm
[Ca2+]i before its larger transitory increase (Fig. 4d and Table
2). High-K+ (50 mM) ASW completely inhibits the [Ca2+]i
changes induced by cGMP (Figs. 3a and c). In contrast,
cAMP causes an increase, but not a decrease in [Ca2+]i under
physiological conditions. Furthermore, cAMP can increase[Ca2+]i even in high-K+ ASW, although the amplitude of the
response was reduced (Figs. 3b and c). These results suggest
that the initial decrease in sperm [Ca2+]i occurs due to Ca2+
extrusion stimulated by Em hyperpolarization caused by K+
efflux through a cGMP-regulated K+ channel. In addition,
sperm appear to have a cAMP-regulated Ca2+ influx pathway,
whose Em dependence is unknown.
Table 3
Effect of varying UV flash interval, and treatment with ZD7288 on [Ca2+]i
changes induced by photolysis of caged cGMP in individual sperm heads
Interval between
first and second
UV flash
Delay time for [Ca2+]i
increase (ms)
Amplitude
of [Ca2+]i
decrease
(delta
F/F02nd, %)
Ratio
F02nd/F01st
First flash Second flash Second flash
5 s (n = 67) 130 F 10 170 F 10a 20.6 F 1.0 2.71 F 0.10
10 s (n = 62) 150 F 10 180 F 10a 17.4 F 1.5b 2.10 F 0.19c
20 s (n = 23) 100 F 10 90 F 10 7.2 F 1.1d 1.34 F 0.04d
10 s, ZD7288
(n = 39)
410 F 20e 480 F 30a,e 43.8 F 3.0e 2.39 F 0.13e
Each value is the average F SEM. The number of experiments (individual
sperm) is indicated in parentheses. The delay time for [Ca2+]i increase is
defined in Table 2. F01st and F02nd indicate fluorescence intensity
immediately before first and second flash, respectively. Amplitudes of
[Ca2+]i decrease by second flash were determined using its own F0 value
( F02nd). ZD7288 was used at 200 AM. Statistics (unpaired two-tailed
Student’s t test): aP < 0.001 compared to first flash; bP < 0.05 compared to
5 s; cP < 0.01 compared to 5 s; dP < 0.001 compared to 5 s; eP < 0.001
compared to untreated cells (10 s).
Table 4
[Ca2+]i changes induced by UV photolysis of caged cGMP in individual
sperm flagella
Interval between
first and second
UV flash
Delay time for [Ca2+]i
increase (ms)
Amplitude of
[Ca2+]i
decrease
(delta
F/F02nd, %)
Ratio
F02nd/F01st
First flash Second flash Second flash
2.8 s (n = 55) 130 F 10 110 F 10 38.7 F 2.1 3.02 F 0.30
Each value is the average F SEM. All parameters are defined in Table 3.
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exchange is responsible for the initial decrease in sperm
[Ca2+]i induced by speract
The pharmacology and Em dependence of the decrease
in sperm [Ca2+]i induced by speract and cNMPs is consis-
tent with the idea that a Na+/Ca2+ exchanger is responsible
for the initial decrease in the [Ca2+]i. First, IBMX, a
phosphodiesterase inhibitor, enhanced and extended the
decrease in [Ca2+]i induced by speract (Fig. 2b) and cGMP
(Fig. 4a). This inhibitor extends the lifetime of cGMP
inside cells and thus prolongs the Em hyperpolarization
caused by K+ efflux through a cGMP-regulated K+ channel
(Cook and Babcock, 1993). ZD7288, an HCN channel
blocker (Shin et al., 2001), augments the hyperpolarization
in a different manner. Namely, the HCN channel is believed
to contribute to Em depolarization after the hyperpolariza-
tion by promoting Na+ influx (Gauss et al., 1998; Labarca
et al., 1996; Rodriguez and Darszon, 2003; Sanchez et al.,
2001). Thus, inhibition of this channel might lead to
enhancement of the hyperpolarization, which would favor
Ca2+ extrusion by the Na+/Ca2+ exchanger, as observed in
our results (Figs. 2c and 4b). Surprisingly, cAMP was also
able to decrease [Ca2+]i in the presence of ZD7288 (Fig.
4c). One possible explanation is that the cAMP concentra-
tion generated by the UV flash in this study could be high
enough to partially activate the cGMP-regulated K+ chan-
nel. It is known that cNMP-gated channels (CNG) can be
activated by both cNMPs although cGMP is more potent
(Kaupp and Seifert, 2002). Indeed, in preliminary experi-
ments, we observed a hyperpolarization induced by cAMP
in hypotonic ASW, in which the chemical gradients of the
major cations across the swollen sperm plasma membrane
are altered in favor of the hyperpolarization (Babcock et al.,1992). However, cAMP never induced the decrease in the
[Ca2+]i under physiological condition (Figs. 3c and 4d)
probably because the small hyperpolarization is rapidly
overcome by the depolarization since cAMP itself activates
SpHCN channels (Gauss et al., 1998).
We used KB-R7943, an inhibitor of Na+/Ca2+ exchangers
(Iwamoto et al., 1996), to demonstrate their participation in
the initial decrease in the [Ca2+]i. Since high KB-R7943
concentrations (>10 AM) alter the resting sperm [Ca2+]i (Su
and Vacquier, 2002), we used a relatively low concentration
(5 AM). This inhibitor significantly reduced the [Ca2+]i
decrease induced by cGMP (Table 2) and, more noticeably,
it reduced the ZD7288-enhanced [Ca2+]i decrease triggered
by both cNMPs (Fig. 4d). Though KB-R7943 slowed the
kinetics of speract induced [Ca2+]i changes, it did not
significantly alter their size (Fig. 2d and Table 1). Possibly,
the fact that KB-R7943 can also inhibit voltage-gated Ca2+
channels (Tanaka et al., 2002), which have been suggested
to participate in the speract response (Wood et al., 2003),
may explain this finding at least partially. In addition, since
the Na+/Ca2+ exchanger depolarizes when it extrudes Ca2+
(Blaustein and Lederer, 1999), its inhibition would decrease
this depolarization and could lead to a delay in the activation
of voltage-gated Ca2+ channels.
Recently, a K+-dependent Na+/Ca2+ exchanger (NCKX)
was cloned from sea urchin testis; it is localized on the
sperm flagella (Su and Vacquier, 2002). Though this NCKX
may not be the only Na+/Ca2+ exchanger functioning in
sperm, its localization and high Ca2+ extrusion activity
suggests it plays a crucial role in the initial decrease in the
[Ca2+]i in the signaling cascade of speract.
[Ca2+]i imaging in single sperm supports results obtained
in populations
We verified the results obtained from fluorescence meas-
urements in cell populations by repeating experiments in
single, caged cGMP-loaded sperm. In comparing the results
of single cells to those of populations, we have considered
data obtained from the head regions, as fluorescence from
this compartment comprises approximately 85% of the
signal from the sperm as a whole (Wood et al., 2003).
The Ca2+ response of individual cells exhibited broadly the
same kinetic characteristics as those recorded in sperm
T. Nishigaki et al. / Developmental Biology 272 (2004) 376–388386populations. For example, cells in which the interval be-
tween flashes was 10 s showed a [Ca2+]i decrease of 180 F
10 ms duration in the head region of single cells (Table 3)
compared to 180 F 20 ms in cell populations (Table 2). The
amplitude of the decrease in [Ca2+]i at the second flash is
not so similar (17.4F 1.5% in single cells vs. 5.8F 1.2% in
populations); however, it must be remembered that the data
in single cells exclude the proportion of nonresponding cells
that are recorded in the population measurement. The single
cell results varied from those obtained in populations in one
important respect, in that we were unable to observe
decreases in [Ca2+]i at the first flash in either the head or
flagellar compartments of single cells. One possible expla-
nation is that the size of the decrease at the first flash is too
small to be detected in single-cell measurements, as it
represents only approximately 1% of the baseline fluores-
cence in population measurements.
Analyzing the results obtained from head regions of
single cells, we found that the size of the decrease in
[Ca2+]i was related to the interval between the first and
second UV flash; increasing the interval between flashes
from 5 to 20 s reduced the amplitude of the [Ca2+]i decrease
approximately 3-fold (Table 3). In fact, the size of the
[Ca2+]i decrease correlates reasonably well, on a cell-by-
cell basis, with the degree to which [Ca2+]i remained
elevated following the first UV flash. The importance of
this relationship between [Ca2+]i changes and frequency of
repetitive stimulation, and its potential role in the complex
mechanism that underpins the dynamic spatial and temporal
interaction between egg and sperm during chemotaxis, is
currently under investigation.Fig. 6. A model for speract signaling. (a) Pathways for [Ca2+]i decreasing (left) an
‘‘open arrowheads’’ for [Ca2+]i decreasing, ‘‘line arrowheads’’ for [Ca2+]i increasin
rate of speract binding to its receptor, which is determined by the speract concentra
be reversibly dominant. (b) Proteins involved in speract signaling and their relatio
(PDE); 3, cGMP-regulated K+ channel; 4, K+-dependent Na+/Ca2+ exchanger (NC
sperm HCN channel (SpHCN); 8, voltage-gated Ca2+ channel; 9, cAMP-regulated
‘‘Open arrowheads’’ indicate the [Ca2+]i decreasing pathway and ‘‘line arrowhea
heads’’ indicate inhibitory processes. Inhibitors: IBMX, phosphodiesterase inhib
exchanger inhibitor and probably a blocker of a voltage-gated Ca2+ channel. The o
will contribute to Em depolarization.Given the previous results (Su and Vacquier, 2002) in
which NCKX was only detected in the flagella and not the
head, it was perhaps surprising to observe such pronounced
decreases in the head region. However, our results suggest
that the NCKX may also be present in low amounts in the
head. Furthermore, alternative Ca2+ extruding components,
such as other Na+/Ca2+ exchangers and the Ca2+-ATPase
(Garcia-Soto et al., 1988), which may be present in the head,
could contribute to the [Ca2+]i decrease observed therein.
Using conventional xenon lamp illumination we were
unable to reliably measure [Ca2+]i changes in the flagella of
single cells, as their fluorescence was very close to, or
submerged in, the background. We surmounted this problem
by illuminating the cells with an LED, which improved the
signal-to-noise ratio sufficiently to permit visualization of
the flagella and measurement of [Ca2+]i changes occurring
in this compartment. These measurements showed that, as in
the head, [Ca2+]i decreases precede the larger [Ca2+]i
increases in the flagella, once [Ca2+]i had been elevated
by an initial UV flash. Furthermore, the amplitude of the
decrease appears to be larger in the flagella (Fig. 5e and
Table 4) compared to the head. This difference may be due
to variations in the ion transport components present in the
head and flagella and/or to differences in the membrane/
volume ratio between these compartments.
A revised model for [Ca2+]i regulation in the speract
response
In this study, we performed time-resolved measurements
of sperm pHi and [Ca2+]i using caged speract and cNMPs ind increasing (right). Arrows indicate the sequence of the signaling cascade:
g. Each number corresponds to the process described in b. Depending on the
tion gradient and the sperm swimming direction, one of these pathways may
nship: 1, speract receptor; 2, guanylyl cyclase (GC); 2V, phosphodiesterase
KX and others); 5, Na+/H+ exchanger (NHE); 6, adenylyl cyclase (AC); 7,
Ca2+ transporter. ‘‘Closed arrowheads’’ indicate the direction of ion flow.
ds’’ indicate the [Ca2+]i increasing pathway as used in a. ‘‘T-shaped line-
itor; ZD (ZD7288), HCN channel blocker; KB-R (KB-R7943), Na+/Ca2+
pening of the cGMP-regulated K+ channel is transient, and channel closure
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insights into the signaling pathway of speract. Fig. 6 sum-
marizes a revised model for speract signaling that incorpo-
rates our findings, in which we propose that a K+-dependent
Na+/Ca2+ exchanger (NCKX) contributes to the initial de-
crease in [Ca2+]i. We also suggest that a voltage-gated Ca2+
channel as well as a cAMP-regulated Ca2+ transporter may
be involved in Ca2+ influx pathways. The NCKX uses a K+
gradient besides the Na+ gradient to function in the Ca2+-
extruding mode (Blaustein and Lederer, 1999). In this
respect, it is not likely to reverse its functional mode to
contribute to Ca2+ influx in the speract signaling cascade, as
previously proposed for a simple Na+/Ca2+ exchanger (Dars-
zon et al., 2001; Schackmann and Chock, 1986).
Sperm chemotaxis to an egg-derived chemoattractant
may be characterized, in many marine species, as a combi-
nation of a linear swimming and chemotactic turning
(Miller, 1985). These two distinct swimming patterns are
repeated several times until sperm arrive at the egg. There-
fore, sperm are exposed to cycles of upward and downward
chemoattractant gradients as they approach the egg. The fact
that speract induces [Ca2+]i fluctuations in individual sperm
(Wood et al., 2003) is consistent with such a cyclic sperm
behavior. In this context, the decrease in [Ca2+]i in the initial
phase of the sperm response to speract, especially when
[Ca2+]i has already increased (Fig. 3d), might play a role in
sperm chemotaxis by inducing a rapid recovery from a
chemotactic turn together with the creation of a delay for
subsequent [Ca2+]i increases. This point is reinforced by
studies in single cells (Fig. 5), where once [Ca2+]i had risen
following an initial UV flash, a subsequent release of cGMP,
which might be assumed to mimic repeated exposure to
chemoattractant in a gradient, caused short transient
decreases in [Ca2+]i. The fact that these decreases were
clearly observed in the flagella, and that alterations in
[Ca2+]i in the flagella have been shown to mediate changes
in flagellar form (Brokaw, 1979) is strongly suggestive of a
potential role in a process such as chemotaxis. Determining
the role of these complex changes in [Ca2+]i in any aspect of
sperm motility requires the direct measurement of calcium
fluctuations in moving sperm, which is the subject of
ongoing study in our laboratory.Acknowledgments
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